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Abstract 
For high and ultra-high strength steel grades a forming at elevated temperatures is advantageous due to higher forming limits 
and reduced flow stresses resulting in low process forces. For highly complex parts out of these materials hydroforming is an 
appropriate production method allowing undercuts and homogeneous stretching of the material. In case of forming temperatures 
above 350 °C typical liquid forming media no longer can be used and gases are in the focus of interest. The big disadvantage of 
blank hydroforming at elevated temperatures results from the increase of friction coefficient by temperature and the need of 
sealing the cavity by high contact pressures in the flange area of the part. To overcome this challenge a third class of media, 
granular material like sand or small ceramic spheres can be used as forming media. For investigations of the process limits, 
especially the sealing limit of granular material, an experimental tool was built up. 
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1. Introduction 
The International Energy Agency (IEA, 2013) shows in their statistics a steady increase in CO2 emissions from 
fossil fuel combustion. The Kyoto protocol as the Doha amendment describes defined pledges of CO2 emission 
with about 42%, transport with about 22% and industry with about 21%. For the year 2050 the SRU (2005) 
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predicts fuel consumptions of 1.6 l/100 km for diesel-engined vehicles and 2 l/100 km for petrol-engined vehicles, 
respectively. The classic approaches to reduce fuel consumption in automotive industry are increasing efficiency of 
engines, improving aerodynamics and reducing the weight. Weight reduction can be reached on the one hand by 
using materials with low density or on the other hand by using a low amount of material with high strength. 
Typical for the second approach is the InCar (2009) project by ThyssenKrupp or the ULSAB (2002) project of the 
American Iron and Steel Industry using high strength and ultra-high strength steel grades. For processing these 
steel grades elevated temperatures are often advantageous due to reduction of flow stress and increase in 
formability. These elevated temperatures are usually no problem for deep drawing operations but for hydroforming 
operations if it is necessary to form highly complex parts. Liquids as a forming medium are often limited to about 
350 °C and gases suffer the problem of compressibility and leakage so they are often used in tube hydroforming 
processes in which leakage can be controlled well. 
The use of a new kind of medium for hydroforming at elevated temperatures up to 600 °C was investigated by 
Grüner and Merklein (2011). Small ceramic spheres with diameters smaller than 1 mm as medium show sufficient 
temperature stability and seem to show very low leakage tendencies. The typical process limit of leakage of 
hydroforming processes does not limit forming operations with this medium. Similar to deep drawing operations 
wrinkles occur in the flange area of the drawn parts but no leakage can be observed. This behavior leads to the need 
of detailed research of leakage using small ceramic spheres as a forming medium for hydroforming processes. 
2. Experimental setup for investigations on leakage 
2.1. Used Materials 
For all presented experiments ceramic beads typically used for shot peening operations were used. The 
presented results base on the coarse sphere diameter distribution with diameters between 600 microns and 850 
microns. The material can be purchased under the name “Zirblast B20” and is distributed by SEPR Keramik 
GmbH & Co.KG. In as-delivered condition the medium has only a small fraction of fine powder. Under 
compression load some of the spheres brake to fine powder and the volume decreases as the density increases. This 
behavior is well known and can be described analytically as in numerical simulation as shown by Grüner and 
Merklein (2009). 
2.2. Experimental tool and experiments 
Taking into account that leakage can only occur if the dimension of a gap is higher than the diameter of the 
smallest ceramic sphere an experimental tool was constructed which allows investigating two different scenarios of 
leakage. The tool is designed for use in a universal testing machine allowing high accuracy in positioning and 
having the possibility of measuring force and displacement of the upper tool. In case one a defined gap exists, 
similar to a displaced blank holder, and the pressure within the medium increases. For these investigations the 
setup shown in Fig. 1(a) is used. Using spacer blocks it is possible to define the gap between the upper tool 
cylinder and the lower tool cylinder and to keep it constant throughout the complete experiments. Different heights 
of the spacer block allow testing different gap heights. 
At the beginning of an experiment upper tool cylinder and lower tool cylinder are not connected. The lower tool 
is in its top position and the position of the upper tool cylinder allows filling the lower cylinder with ceramic 
spheres. After filling with medium the upper cylinder is positioned on the spacer blocks and the upper tool is 
connected to the lower tool by screws. By moving the upper tool with constant velocity of 10 mm/min against the 
lower tool the punch pressurizes the ceramic spheres. The experiments are stopped if a pressure of 100 N/mm² is 
reached inside the ceramic spheres or in case of leakage if the punch would get into contact with the upper tool. 
During the experiments with different gap heights from 0 mm up to 6 mm force-displacement curves are recorded. 
In case two a constant force is set for the universal testing machine and an initial closed gap is slowly opened. 
For these experiments it is necessary to modify the tool as shown in Fig. 1(b). The spacer blocks are removed and 
the screw nut is placed on the screw thread of the punch. A connector allows moving the lower tool cylinder 
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upwards and downward by rotating the alignment pins. An additional incremental measuring sensor placed on the 
plate of the upper tool cylinder allows recording the gap height during the experiments. 
 
 
Fig. 1. Experimental tool: configuration for defined constant gaps (a); for defined constant forces (b). 
At the beginning of the experiments the screw nut is in its top position and the lower tool cylinder is filled with 
ceramic spheres. Afterwards a constant force is applied pressing the upper tool cylinder against the lower tool 
cylinder. Now the screw nut is turned and the lower tool cylinder moves downwards. In this situation two different 
load paths can occur. In case of path one the applied force is transmitted from the top tool to the lower tool to the 
screw nut to the punch. This means that the gap between upper and lower tool cylinder does not increase its height 
and keeps closed. In case of path two the force is transmitted from the upper tool to the ceramic spheres to the 
punch, the lower tool cylinder is unloaded and the gap between upper and lower tool cylinder increases. If the gap 
height gets too big leakage will occur and the medium no longer transmits the load resulting in a reduction of gap 
height. 
3. Experimental setup for forming experiments 
3.1. Experimental tool and experiments 
Supplementary to the experiments on leakage parts are formed out of high and ultra-high strength steel at 
temperatures up to 600 °C using the described ceramic spheres as forming medium. For the forming experiments 
the tool shown in Fig. 2 is used. The lower tool is fixed to the table of a hydraulic press, typically used for 
hydroforming, with a ram force of 6300 kN. The punch is connected to the drawing cushion with forces up to 
2500 kN. The upper tool is fixed to the ram and additionally the die is connected with the ram cushion with forces 
up to 4x400 kN. The die as well as the blankholder can be heated by heating cartridges up to 500 °C. Thermo 
couples within die and blankholder allow building up a closed loop control for high temperature accuracy. For 
higher forming temperatures the blank is preheated in a furnace and temperature loss during transport is taken into 
account. A preheating is also done for temperatures up to 500 °C to get almost isothermal conditions. To prevent 
extensive heating of the table and the ram of the hydraulic press water-cooled plates are used, being separated from 
the heated tool components by insulation plates. 
For the forming experiments two different steel grades are used. On the one hand the complex phase steel 
CP800 with a sheet thickness of 1.5 mm and on the other hand the martensite phase steel MS1200 with a sheet 
thickness of 1.8 mm is used. 
At the beginning of the forming experiments the reservoir within the blankholder is filled with the granular 
material and the preheated blank is centered on the blankholder. In a second step the ram moves downwards and 
applies the blankholder force to the flange area of the blank. For the forming operation the punch moves upwards 
and pressurizes the granular medium which leads to a forming of the blank. 
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Fig. 2. Experimental tool for forming experiments. 
With forming times less than two seconds the process is relatively quick for hydroforming and the temperature 
of the blank during the process can be assumed as constant. After forming the blank the tool opens and the 
produced components are cooled down outside the tool. The granular material is removed from the tool with a 
vacuum cleaner and refurbished by removing fine powder resulting from broken spheres. 
 
4. Results for investigations on leakage 
4.1. Constant gap heights 
For the experiments with constant gap height gaps of 0 mm, 2 mm, 2.5 mm, 3 mm, 4 mm and 6 mm were 
investigated. With a gap height of 0 mm no leakage can occur and only the compressibility of the medium itself is 
measured. The results for different gap heights are shown in Fig. 3. 
It shows that for a gap height of 0 mm and 2 mm the desired pressure of 100 N/mm² can be reached for the 
coarse medium B20. A gap of 2.5 mm allows a pressure of about 90 N/mm² after a punch displacement of 25 mm. 
The constant rising of the pressure indicates that with additional punch travel a pressure of 100 N/mm² would be 
possible although a small amount of leakage is present. A further increase of the gap height to 3 mm leads to a 
significant drop in resulting pressure. For 4 and 6 mm gap height almost no pressurizing of the medium is possible 
and the medium flows through the gap. 
As a conclusion out of these experiments it can be stated that gaps with a height of up to 300% of the biggest 
diameter of the spheres and about 400% of the smallest diameter of the spheres within the diameter distribution can 
be sealed by the medium. This means that typical sealing limits for hydroforming processes depending on the 
flange contact pressure do not exist if this kind of medium is used but it has to be taken into account that gaps in 
the flange area of a tool always mean zero flange contact pressure so wrinkling will occur at the produced parts. 
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Fig. 3. Stress-displacements curves for constant gap heights using coarse ceramic spheres as a medium. 
4.2. Constant loads 
As described in chapter 2.2. two different load cases exist for experiments with constant force and opening gaps. 
Fig. 4 shows the typical medium pressure-time curves calculated from the measured values recorded by the load 
cell of the universal testing machine. Up to about 180 s the load is transmitted from the upper tool cylinder directly 
to the lower tool cylinder resulting in a drop of recorded medium pressure to zero due to rigid tool components and 
velocity of the universal testing machine if the lower tool cylinder moves downwards. At a time of about 180 s the 
load is transmitted to the medium and the gap starts to open. 
 
Fig. 4. Medium pressure over time for constant force and opening gap. 
Fig. 5(a) shows the load path in initial condition if the compression load is transmitted to the tool components. 
Due to the high stiffness of the steel components compared to the ceramic spheres an opening of the gap leads to 
an immediately drop of measured force to zero. In the second case presented in Fig. 5(b) the load is transferred 
from the upper tool to the ceramic spheres to the punch. In this case an increasing gap does not lead to an 
immediate drop in pressure. For a drop in pressure granular material has to pass the gap between upper and lower 
tool cylinder. 
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Fig. 5. Load paths for experiments with constant load in initial condition (a), during experiment (b). 
Fig. 6 shows the data recorded by the incremental measuring sensor during the same experiment. Up to about 
180 s only small gaps up to 0.5 mm can be observed resulting from non-infinite speed of closed loop control of the 
universal testing machine. At about 180 s the gap starts to open as the load is transmitted to the medium. After 
400 s with a gap height of about 3.5 mm to 4 mm no further strong increase of the gap height can be observed. 
 
Fig. 6. Gap height over time for constant medium pressure and opening gap. 
Experiments with different constant medium pressures of 2.5 N/mm², 7.5 N/mm² and 10 N/mm² also show that 
gaps with up to at least 3 mm can be sealed. Due to friction between the screw thread of the punch and the screw 
nut experiments with constant force and opening gap can only be conducted for pressures up to 10 N/mm2. At 
higher forces it is not possible to rotate the screw nut even if a lever is used on the alignment pins. 
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5. Results from forming experiments using granular material as a forming medium 
In order to check the possibility of the granular material of increasing the process window additional forming 
experiments were conducted. The tool concept presented by Grüner and Merklein (2011) was used in which a 
punch is pressurizing the medium and blank-holder force is applied by elastic tool deformation of the insulation 
plates. As shown in Fig. 7 (a) for the complex phase steel CP800 for low blank-holder forces and a temperature of 
400 °C a forming is possible although wrinkling occurs. A forming pressure of 100 N/mm² can be reached and no 
leakage could be observed. 
 
Fig. 7. Wrinkles in the flange area of the formed cup (a); fracture at the bottom of the cup (b). 
For a temperature of 500 °C and higher blank-holder forces a fracture appears at the transition area from the 
bottom of the cup to the radius, as it can be seen in Fig. 7 (b). In a blank hydroforming process using a fluid or a 
gas as a forming medium this would lead to a suddenly drop of the forming pressure. In case of a granular material 
as a forming medium the fracture cannot be detected during the process, only at the end if the part is taken out of 
the tool. Bridging effects and the compression stresses leading to compaction of the medium seal the fracture and 
the desired forming pressure is reached. 
Especially for the ultra-high strength martensite phase steel MS1200 an increase of forming temperature from 
room temperature to 600 °C shows a great improvement in forming and the benefit of granular material as a 
forming medium for high temperatures. As shown in Fig. 8 (a) at room temperature for a forming pressure of 
70 N/mm² no die contact takes place in the bottom area of the cup whereas for a forming temperature of 600°C, 
shown in Fig. 8 (b), the forming is significantly improved. 
 
Fig. 8. Increase in forming for martensite phase steel MS1200: Room temperature (a); 600 °C (b). 
6. Summary and outlook 
A tool for investigations on the sealing limit of granular material was constructed and successfully built up. The 
presented results show that typical flange-contact-pressure dependent sealing limits of sheet metal hydroforming 
processes should not be used for granular material used as a forming medium due to the low tendency to leakage of 
this material. For the coarse medium with sphere diameter distributions form 600 microns up to 850 microns being 
here under investigation even gaps with a height of 2.5 mm can be used without significant leakage. Forming 
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experiments at different temperatures showed that the granular material will seal gaps like wrinkles or fractures by 
bridging effects. In this case wrinkling and fracture will give the process limits as in deep drawing processes and 
not leakage. 
Further experiments will be done with two additional sphere diameter distributions. The first one consists of 
spheres with diameters from 63 microns up to 125 microns and the second one of spheres from 250 microns up to 
450 microns. With these additional experiments it is expected to find a relation between sphere diameters and gap 
height that can be sealed. 
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